1.INTRODUCTION
The improvement and development of low-alloy TRIP-steels and shape memory alloys in the viewpoint of desired properties for special applications are based on ideas to judiciously utilize the mechanical properties of martensitic transformations (MT). Subtle aspects of microstructural changes such as the formation of the martensitic phase from the parent phase material or the reorientation of the martensitic phase upon stressing reveal themselves directly in important features of the associated thermomechanical behavior. Catering to a combined viewpoint of material design and MT it is obviously required to achieve an understanding of MT mechanisms and their consequences on the macroscopic mechanical behavior. If it were possible to achieve a controlled microstructural rearrangement under defined thermomechanical loading conditions one would be able to predict a microstructure with the desired macroscopic response under service conditions. Therefore, the development of numerical tools capable to place the microstructure-mechanics connection in the case of MT on a quantitative basis is a growing research thrust. Modelling the mechanical behavior of polycrystalline alloys under martensitic transformation or reorientation processes demands a framework encompassing the interdisciplinary character of the subject with respect to the thermodynamics, crystallography, kinetics and mechanics of phase transformations. Continuum micromechanics is a helpful tool to treat material problems if the consideration of microstructure is involved [I] . Therefore, our computational micromechanics concept gives much support to the idea of addressing the role of internal stresses on the microstructural changes, the spatial variations of stress and strain fields and couplings related to size scales. Within this article we present a quantitative micromechanics study on TRIP in the case of an Fe-Ni alloy to understand MT as a microscale deformation mechanism causing plastic deformations due to accommodation of the shape changes associated with MT. The non-isothermal creep test [2] is the subject of a micromechanical simulation. Secondly, the reorientation process of the martensitic phase in a Cu-Al-Ni shape memory alloy upon stressing as a step of the one-way shape memory effect will be subject of a micromechanics treatment.
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MICROMECHANICS of TRANSFORMATION-INDUCED PLASTICITY
Experimental Evidence
TRIP in the case of MT is attributed at one hand to the orientation of the martensitic phase and, on the other hand, to microscale plastic deformations as a result of the accommodation of the transformation shape change which is the source of transformation-induced internal stress states. If the material under consideration, an Fe-Ni alloy, undergoes MT in an externally-applied stress field Z : with a stress level even lower than the yield stress of the parent phase, the effect of Z : leads to non-elastic macroscopic strains. In the case of Fe-Ni alloys the experimental evidence for TRIP has been given recently by Gautier et al. [2] performing a non-isothermal creep test. The MT occurs by undercooling under the martensite start temperature under constant 27. The interaction of stress with the MT mechanism causes the stress-assisted transformation of martensitic variants with preferred orientation. The corresponding macroscopic deformations due to the MT acting as a deformation mechanism is known as the orientation effect (OE) or Magee-effect [3] , [4] . The contribution of the plastic strains resulting from the internal stress states to the macroscopic deformation is denoted as the accommodation effect (AE) or Greenwood-Johnson effect. The micromechanical simulation of the non-isothermal creep test is carried out to compute the macroscopic deformation of a specimen in dependence of the level of Z : and the martensitic volume fraction tM transformed. In the experiment the OE and the AE appear coupled whereas the numerial results permit to quantify the respective contributions to the macroscopic deformation. Furthermore, the development of martensitic microstructure in individual grains k of a polycrystalline aggregate can be studied by computing the values for the volume fractions [Lj of variants of martensite forming along definite crystallographic planes.
Description of Martensitic Microstructure
In the case of an Fe-3 1Ni alloy the martensitic phase appears with a plate-type morphology emerging along habit planes which are crystallographic planes defined with respect to the parent phase fcc-lattice. Let us define the mesodomain with volume V as a polycrystalline aggregate consisting of a finite number of N crystallites. The phenomenological theory of crystallography of MT [5] (WLR-theory) predicts 24 variants in a crystallite with a (3 14 10Jfcc habit plane type in Fe-Ni alloys with high nickel contents. The MT is accompanied by a change in the shape of a variant transformed. This deformation mode is an invariant plane strain. The deformation gradient Fkj and the corresponding transformation strain tensor E& due to transformation of one variant j, of 24 possible within a crystallite k with the orientation described by a set of Euler angles gk = {q$, Q k , y,k) within a polycrystalline aggregate are written as
r $ is the habit plane unit normal vector, dt the direction and m the magnitude of the transformation shape change. The mechanism for the formation of martensite is taken to be described by the WLR-theory. A "frozen" martensitic domain structure is assumed since in the experiment simulated . E is kept constant and the domain structure formation is mainly affected by the transformation mechanism itself. In a partially transformed state at a temperature T between the martensite start temperature M , ( E ) For the polycrystalline mesodomain the state of the material can be described by an explicit formulation of a thermomechanical potential suggesting the form of Gibbs free energy of thermodynamics. For a detailed formulation in the case of elastic-plastic material behavior we refer to Refs. [6] and [7] . A condition for the formation of a variant j within a crystallite k can be derived from Gibbs free energy resuIting as a condition for stress-assisted transformation in terms of thermodynamic forces. The sum of the temperature-dependent chemical driving force A&(T) defined per unit volume and the mechanical driving force for MT [3] , [9] , depending both on 22 and mint, has to exceed an energy barrier
uk is the average stress state within a crystallite k which depends on Z ' , T and the so called pattern of internal rearrangement [lo] . It is calculated by application of the finite element method. The formation of martensitic variants occurs by stress-assisted transformation. If the potency of nucleation sites can be equivalently expressed in terms of a threshold thermodynamic force for their operation [12] , A~E , , = AdZ(M3) can be regarded as a type of nucleation barrier. A4: (M.) is the change in the free energy of the stress-free phases at the martensite start temperature M, for C = o. In the proposed continuum formulation presented above the crystallite is treated as a continuum with a transformation behavior taken to be governed by heterogeneous, classical nucleation with a semicoherent state of strain relaxation. The transformation condition implies an invariant plane strain assumption for a critical martensitic nucleus [ll] . In the continuum-thermodynamics framework presented here it is difficult to implement the growth behavior of martensitic plates via simple microscale constititive formulations. So, we introduce a kinetic reIation in incremental form for the volume fractions (L,J. f k is the volume fraction of a crystallite so that c?="=, f k = 1. For a given increment of martensitic fraction within acrystallite [b = f k (~ the increment for a variant (h, is taken to be proportional to the thermodynamic force A G~ for its formation,
The sum is taken only for thermodynamic forces corresponding to activated variants so that
The transformation condition and the microscale kinetic equation describe the transformation progress on the size scale of a crystallite.
Micromechanical Modelling Framework
The mesodomain under consideration is modelled as a polycrystalline aggregate consisting of N=192 crystallites each of which having the shape of a regular hexagon. The finite element discretisation is carried out the way that each crystallite is discretized into six triangular finite elements with quadratic shape functions. A two-dimensional general-plane-strain idealization is assumed. The mesodomain is considered as a representative volume element. The polycrystalline microstructure is repeated periodically due to application of antisymmetry boundary conditions [7] . The orientations g k of the N crystallites are randomly chosen to avoid texture effects. The elastic properties of the crystallites are taken dependent on the orientation of the crystallites. The micromechanical simulation of the non-isothermal creep test is carried out as follows: In the fully parent phase state, = 0, T > iVIs(Z'), the mesodomain is loaded in uniaxial tension in the elastic range. The externally-applied stress E is kept constant during the transformation progress in the range been extended to tridimensional stress states in Ref. [9] . The elastic anisotropy of the crystallites causes a non-homogeneous stress state which develops due to the compensation of the deformation incompatibilities between the crystallites. Therefore, the martensite start temperature varies from crystallite to crystallite as analysed in Ref. [9] . For the simulation here we assume that the MT starts at M s ( E ) within each crystallite but for the formation of variants the effect of internal stress states is considered. The incremental modelling procedure for transformation increments AT << l W f ( E ) -A!.Is(Z) works as follows. Starting at M s ( E ) the mesodomain is cooled by a small amount AT resulting in an increment @M. A homogeneous temperature distribution within the mesodomain is assumed, that means, the transfer of the latent heat associated withMT occurs fast enough to neglect its effect on the transformation progress. Taking the transformation condition eq.(3) and the microkinetics relation eq.(4) the average transformation strain tensor for a crystallite k is calculated bv
For each crystallite the transformation process is kinematically described for an increment AT. In the micromechanical model the transformation strains are imposed incrementally. The local stress state a results from Z , the elastic anisotropy of the crystallites and transformation-induced internal stresses. The local strain tensor E is composed of elastic, plastic and transformation strains. For the constitutive behavior in the non-elastic range the J2-flow theory with linear isotropic hardening is applied. The yield stress or (EM) and the plastic tangent modulus Ep(&r) are assumed to obey a linear rule of mixture with respect to the volume fraction transformed. For material data chosen here we refer to Ref. [8] . For each transformation increment AtM the periodic microfield approach allows the computation of the corresponding increment of macroscopic plastic strain Ep quantifying the accommodation effect. At the end of each increment the average stress tensor ak for each crystallite is calculated and then the next transformation increment is defined by applying eq.(3), eq.(4) andeq. (7) . Such a modelling framework allows to consider the interaction of stress, strain and the transformation mechanism on the size scale of the crystallites and to quantify the effect on the macroscopic behavior with the micro-macro transition.
Results and Discussion
In Figure l a the TRIP-strain e~p is depicted for various levels of applied tensile stress. The results agree not only qualitatively but also quantitatively with the experiments [2] . The TRIP-strain c~p is composed of e~ and ~p related to the OE and the AE. The contribution of ET to e~p in percent t = x 100 is depicted in Figure lb . As reported in [2] the OE is the dominating mechanism for small fractions EM < 0.2.
For higher fractions the OE is nearly constant. The AE increases with increasing level of applied stress but remains smaller than the OE. The OE does not vanish even if transformation-induced internal stress states develop. If the applied stress level is near the yield stress a y ,~ of the parent phase, plastic deformations can occur at small volume fractions EM. The AE decreases with increasing EM since the yield stress of the two-phase system increases with increasing EM. Figure 2b . In a favorably oriented crystallite the selection effect is completed at Eh1 = 0.2 in contrast to the average case. In a least favorable oriented crystallite the the situation is similar.
Transformation of specific variants does not occur in that case. The results show that the OE cannot be neglected in macroscopic constitutive laws for TRIP as already stated in Ref. [9] . Secondly, a controlled microstructural rearrangement does not seem to be possible for a material where the AE as a significant microscale deformation mechanism is apparent. and least favorable orientation (rnki,).
MICROMECHANICS of VARIANT COALESCENCE
One-Way Shape Memory Effect
The mechanical behavior of shape memory alloys (SMA) under uniaxial tensile load stress (,E = C A , XI, = 0 except X33 = I) shows a large variety depending on material's microstructure. The mechanisms of microstructural changes result directly in important features of the stress-strain curves dependent on temperature. The process of variant coalescence is one of successive steps classifying the one-way shape memory effect to be shortly recalled : First a parent + martensite transformation upon cooling under zero externally-applied stress (T < 0 , C = 0) occurs where the shape of a specimen remains unchanged due to a self-accommodation process (no OE).The second step is the process of variant coalescence in the fully martensitic state upon stressing (T = 0 , C # 0 ) followed by unloading and, finally, by the reverse martensite + parent transformation (T > 0 , C = 0) to restore the specimen to its original shape.
Kinematical Description of Self-Accommodation and Reorientation
In a temperature regime T > M, the mesodomain contains the 01-parent phase only (JM = 0). Due to T < 0 the 0, -+ yi transformation takes place. The WLR-theory predicts a (4 11 12}01 habit plane type in Cu-Al-Ni alloys proved experimentally by Otsuka et al. [13] . A single variant eventually results as a consequence of the reorientation process. Let us also define the microstructure corresponding to the final state of reorientation in the mesodomain at z = 1. In each plate group Mk only the most favorable variant AMk in a thermodynamical sense prevails as depicted in Figure   3a to yield the largest transformation strain in the direction of C so that
Process Description of Variant Coalescence
Condition for Thermodynamic Admissibility
The AE as a result of microscale plastic deformations does not play any crucial role in shape memory alloys. In the case considered here the internal strain energy Uetint due to reorientation-induced internal stresses has an important influence on the macroscopic mechanical behavior. The energy changes in the case of shape memory alloys can be classified in terms known as the chemical free energy, elastic energy and interfacial energy due to grain boundaries T I B and boundaries between martensitic variants rGB. Taking homogeneous elastic material behavior for the yl-phase the Gibbs free energy for the quantitative description of the state of the polycrystalline mesodomain is written in the form for a derivation see Ref.
[l4]. Ue,o is the strain energy due to C. The increment in Gibbs free energy for the reorientation process occurring isothermally by discarding the increment of intervariant boundary energy
(11) The general principIes to be used for the derivation of the condition for thermodynamic admissibility (CTA) are the principle of virtual work and the local forms of first law and second law of thermodynamics. For a detailed derivation see Ref. [14] . Variant coalescence is considered as a slow process so that inertia terms in the global balances of momentum can be disregarded and the contribution of kinetic energy is omitted in the global statement of the first law of thermodynamics. Across the boundaries between the martensitic variants forming plate groups thermomechanical quantities suffer jump discontinuities. We shall introduce the concept of a scalar driving traction FI on an interface having been developed by several authors, see
Refs. [15] , [16] , [17] . Due to a homogeneous temperature distribution in the mesodomain and elastic material behavior the contributions from heat conduction and local dissipation in the material away from the interfaces to the total rate of entropy production vanish. The only contribution comes from moving intervariant boundaries. Starting from the local form of Gibbs free energy, invoking the principle of virtual work and the Hill-Mandel principle having body forces neglected, taking intervariant boundaries to be coherent and neglecting inertia terms the increment in Gibbs free energy G takes the form for a derivation see Ref. [14] . 61 2 0 is the total rate of dissipation for the mesodomain due to entropy production from all the moving intervariant boundaries. The inequality is the consequence from the local forms of the second law of thermodynamics. By taking eq. (11) and eq. (12) one finally arrives at the CTA for variant coalescence to be written as For the energy dissipation associated with the reorientation of variants we follow Sun [18] to take the simple constitutive assumption that the rate of dissipation for the mesodomain 61 is proportional to the overall rate of volume fraction of reorientation dr = D"P, where DTe > 0 is assumed to be a constant. 
Constitutive Assumptions for the Behavior of Self-Accommodating Microstructures
The objective of the modelling procedure in this article is to predict the overall mechanical behavior by the stress-strain curve (model output) as a result of applying simple constitutive formulations describing the reorientation process in the plate groups by a quantitative micromechanics approach. As model input we start from a kinematical description of the self-accommodating microstructure. The kinematical description of the reorientation process is performed by transformation strain tensors corresponding to martensitic variants. For the microstructural rearrangements we make simple reasonable assumptions. The start of the reorientation process between two variants j and j* is taken to be governed by the normalized driving traction (NDT) F$+. = X : (cij. -E $~) , which is computed for each of the 6 x N plate groups.
A 'heapsort'-routine is applied to sort the 3 NDT-values. The most favorable variant giving the largest transformation strain in the direction of C is labelled AMk. The process starts first at z = 0, that means for the maximum NDT in the polycrystal F* = FDJA. The lower the NDT is, the higher is C required for the activation of the reorientation process. Let us introduce for each so that 0 5 f f~ 5 f$ 5 fgi < 1 . The higher the NDT the 'earlier' the reorientation process will take place within the process interval 0 < z 5 I. The reorientation process in a plate group is activated if
In the case that z < ffi, z < f$ or z < fz there is no reorientation process between the corresponding variants. Once the reorientation process between two variants in a plate group Mk is activated the process takes place the way that the converting variants DMk, CMk and BMk transform into variant AMk gradually dependent on the intervariant boundary mobility as depicted in Figure 3b . The microkinetics relation for the conversion DMk -+ AMk in the region covered by DMk is written as For CMk -+ AMk and L I M k -+ AM', only labels change. The reorientation process for case A is finished at the same instant at z = I within each plate group. The influence of the intervariant boundary mobility is taken to be considered via the exponent n. An increasing n corresponds to an increasing interface mobility. In the limit case n -+ co a variant would be reoriented as a whole by a jump once activated which corresponds to a nucleation-type process. The reorientation history in dependence of n is schematically depicted in Figure   3b taking the normalized volume fraction of a plate group to be CMk = 1 so that the volume fraction of rearranging variant DMk at z = 0 is fp (0) = 0) 25. At the end of the process only the variant AMk prevails so that [p (0) = 0.
Micromechanical Modelling Framework
The kinematical description of the reorientation process in incremental form is now specified for each crystallite k by averaging over the six plate groups with variants A"k,Bhfk,CMk and DMk by
The finite element analysis is carried out to calculate the increments of strain energy stored in the mesodomain due to the elastic accommodation of E b ( z ) . The process is simulated by imposing for each crystallite E $ ( z ) which causes an internal reorientation-induced internal stress state a,,, (c, z ) to develop with the corresponding strain energy density U;,,,(r, z ) , r is the position vector. At each instant z the stored internal strain energy Ue,,,t(z) and the corresponding increment u~,,,~ ( z ) is calculated for the entire mesodomain. By averaging over the mesodomain we can also determine E T ( z ) with the corresponding increment & ( z ) and the increment of reorienting volume fraction i T e ( z ) . Finally, we have to quantify the energy dissipation &I by the constant DTe. Then for a certain increment of the reorientation process the required externally-applied stress Z: can be calculated from the thermodynamic condition (14) . If the thermodynamic condition is fulfilled the increment of the overall mechanical driving force E : & V compensates the internal strain energy and the energy dissipation. The macroscopic strain E is calculated as a sum of transformation strains and elastic strains E = ET + E,. This way the macroscopic mechanical behavior can be determined by incremental construction of the stress-strain curve.
Results and Discussion
The influence of the intervariant boundary mobility described via the exponent n in the microkinetics formulation is considered in this article. For increasing boundary mobility (increasing n) we observe drops in the stress-strain curves as shown in Figure 4a . In that situation the reorientation process occurs without any increase of C but due to a release in internal elastic energy If during an increment Az the shape change due to the reorientation process is elastically accommodated so that &,ct > 0 we call it a process of elastic accommodation. The drops in the stress-strain curve occur if Ue,,,t < 0, what we then should call an unaccommodation processes. The higher the boundary mobility is the higher will be the probability for unaccommodation processes and serrations in the stress-strain curve. Next, the effect of energy dissipation due to interfacial motion is taken into account by variation of the value for the constant DTe. The stress-strain curves depicted for n = 1 in Figure 4b are shifted to higher stress levels with increasing energy dissipation as can be also immediately concluded from eq. (14) . With increasing DTe one can also expect changes in the shape of the stress-strain curves. If n -+ oo the reorientation process within a plate group occurs like a nucleation-type process. In that case accommodation and unaccommodation processes can easily alternate leading to strong serrations in the stress-strain curves. Serrations in the stress-strain curves have been experimentally observed for single crystal specimens under VC [13] . It has been concluded that the rapid movement of interfaces causes the sharp stress drops in the stress-strain curves. This phenomenon is captured by the modelling procedure adopted here well although it is not reported to occur in experiments on polycrystalline specimens.
